aBBreViatiOnS AAO-HNS =American Academy of Otolaryngology-Head and Neck Surgery; DVT = deep venous thrombosis; HB = House-Brackmann; MS = microsurgery; SRS = stereotactic radiosurgery; VS = vestibular schwannoma. The rates of postoperative CN VII dysfunction were low for both groups, although significantly higher in the MS group (HB III-IV 11% vs 0% for SRS; OR 21.3; p < 0.01) at a median follow-up interval of 35.7 and 19.0 months for MS and SRS, respectively. There was no difference in the need for subsequent intervention (2 MS patients and 2 SRS patients). cOnclUSiOnS At this high-volume center, VS resection or radiosurgery for tumors ≤ 2.8 cm in diameter was associated with low overall morbidity. The need for subsequent intervention was the same in both groups. SRS was associated with improved hearing and facial preservation rates and reduced morbidity, but with a shorter average follow-up period. Facial function was excellent in both groups. Since patients were not randomly selected for surgery, different clinical outcomes may be of different value to individual patients. Both anticipated medical outcomes and patient goals remain the drivers of treatment decisions.
V estibular schwannomas (VSs) are benign tumors that arise from the vestibular division of the eighth cranial nerve. 16 VSs represent approximately 5% of all intracranial tumors and are commonly diagnosed in the fifth and sixth decades of life. 27 The incidence of VS has been estimated to vary from approximately 1 to 2 per 100,000 person-years in recent studies. 16, 18, 24 The growth rate of VS is estimated to fall in the range of 0.1 to 0.3 cm/ year 11 with a volumetric tumor doubling time of 1.7 to 4.4 years. 26 At the initial diagnosis, patients most often present with unilateral high-frequency sensorineural hearing loss, followed by imbalance, tinnitus, and headaches; 22 these symptoms of brainstem compression and obstructive hydrocephalus may be associated with lesions larger than 3 cm. 10 The management options for VS include surveillance with serial imaging or treatment with either microsurgery (MS) or radiosurgery (SRS).
When SRS first became available, MS was the treatment modality of choice for VS, and SRS was reserved for cases in which surgery was medically contraindicated. However, SRS gained recognition in numerous reports as a viable treatment option that offers good long-term tumor growth control with a favorable risk profile, particularly for lesions smaller than 3 cm. Aside from hearing loss and facial nerve dysfunction, complications unique to MS have included postoperative headache (up to 18%) and CSF leakage (up to 10%). This increased morbidity has historically been balanced by the superior long-term tumor control and curative nature of MS. However, recent studies examining small-and medium-sized tumors have reported SRS growth control rates approaching 98% coupled with excellent preservation of hearing status within the first few years after SRS (60%-90% of patients), as well as preservation of facial nerve function (95%-100% of patients) and low overall procedural morbidity. 3, 16, 31 As a result, SRS has increasingly been recommended as an equivalent therapeutic modality for small-and medium-sized VS.
Despite this equipoise, there has not been a randomized controlled trial that directly compares the safety and efficacy of SRS and MS for unilateral VS. 21 At present, such a study is unlikely due to the strong role of patient choice and because it would require a long follow-up period given the slow growth rate of VS. Instead, the best available evidence relies on retrospective reviews and prospective series. A recent systematic review designed to assess the optimal intervention for small-to medium-sized VS-defined as 2.5 to 3.0 cm in maximal diameter-identified several reports that directly compared MS and SRS outcomes. 23 All studies demonstrated favorable outcomes in patients managed with SRS, as reflected in the preservation of hearing status and facial nerve function. However, these studies are limited by their use of unmatched cohorts or low overall sample size.
In the absence of randomized controlled trials to address this question, well-designed observational studies that balance critical prognostic factors provide the most rigorous evidence. 4 In the current retrospective institutional study, we sought to compare the long-term safety and efficacy of SRS and MS for the management of treatmentnaive unilateral VS not associated with neurofibromatosis Type II. To this end, we present an analysis of 2 large patient cohorts that were matched for clinical demographics and baseline tumor characteristics.
Methods

Patient Population
This protocol was reviewed and approved by the New York University Institutional Review Board. We retrospectively reviewed the charts of all VS patients who were managed with either SRS or MS at our institution by 2 neurosurgeons and 1 neurotologist between 2001 and 2014. Treatment decisions were made with the patient after a thorough discussion of the risks and benefits of each management strategy. General treatment recommendations were made based on the natural history of disease, the neurological and medical status of the patient, and individual patient goals. Investigators who were not involved with patient care reviewed the clinical and imaging records. Study data were collected and managed using REDCap electronic data capture tools. 12 After excluding confirmed neurofibromatosis Type II and bilateral VS cases, a total of 399 records were reviewed. We selected all 313 treatment-naive lesions with a tumor size ≤ 2.8 cm that were planned to undergo single-stage interventions (111 SRS and 202 MS lesions); of these, no cases were lost on follow-up. We then created matched cohorts that were tailored to each outcome (intervention-free survival, complications, and the preservation of hearing or facial nerve function). Individual case matching was performed with a custom algorithm written in MATLAB (MathWorks); SRS cases were matched with MS cases by age (± 10 years) and lesion size (± 0.1 cm). For analysis of hearing preservation, cases were additionally matched for preoperative hearing classification and filtered to exclude cases lacking postoperative audiograms. For the facial nerve dysfunction analysis, cases were additionally matched by preoperative House-Brackmann (HB) grade. Tumor size was estimated as the square root of the product of the maximal transverse and anteroposterior diameters of the tumor. A 2.8-cm cutoff value was chosen to reflect the majority of SRS cases; tumors with larger diameters were not considered for SRS unless specific clinical criteria were met. The surgical approaches employed in this study included translabyrinthine, retrosigmoid, and middle cranial fossa craniotomies; translabyrinthine approaches were excluded from the hearing preservation analysis. The decision to perform the retrosigmoid approach was based on both clinical and anatomical factors and not always attempted for hearing preservation. 14 All SRS cases were treated with a prescription dose (50% of peak) of 12 to 13 Gy.
hearing and Facial Symptoms
Facial nerve function was assessed using the HB grading scale, and facial nerve dysfunction was rigorously defined as HB Grade III or greater, as noted in the clinical notes. In the assessment of hearing, audiometric data were reviewed and hearing was categorized according to the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) guidelines. Serviceable hearing was defined as AAO-HNS Class A or B. All reported facial nerve and hearing outcomes were as assessed at the last follow-up examination, unless otherwise stated. Intervention-free survival and complication rates were assessed by reviewing the chart notes and hospitalization records.
Statistical analysis
Statistical analysis was performed using MATLAB, R, and Prism (GraphPad Software) software packages. Univariate analyses were performed with the log-rank test, Student t-test, Pearson's chi-square test, or Fisher's exact test, where appropriate.
results hearing Preservation
In VS treatment, hearing preservation is a goal for some patients, and for certain small-and medium-sized tumors both SRS and hearing-preserving MS approaches may preserve serviceable hearing. To compare hearing preservation, 21 MS cases were matched with 21 SRS cases, including cases only treated with middle fossa and retrosigmoid approaches and cases only with Class A hearing preoperatively. For the SRS cohort, the chart records reported the mean and maximum cochlear dose for 13 (61.9%) and 14 (66.7%) patients, respectively. Of these cases, the median average cochlear dose was 3.3 Gy and the median maximum cochlear dose was 6.5 Gy ( Fig. 1A ) and the preservation of preoperative Class A hearing status was also better after SRS than MS (14.3% for MS vs 42.9% for SRS; OR 4.5, p < 0.05; Fig. 1A ). Within this SRS cohort, the median follow-up interval of the cases with preserved preoperative hearing status was 18.2 months compared with 32.1 months for cases with a decrement in hearing status (p < 0.05). The survival curves were significantly different between the MS and SRS cohorts in terms of the postoperative preservation of both serviceable hearing (p < 0.01; Fig. 1B ) and Class A hearing (p < 0.01; Fig. 1C) . Notably, the survival curves for the preservation of preoperative hearing status appear to converge by 60 months, but it should be considered that 66% (12 of 18) of the MS cases with the loss of preoperative hearing status were Class D, while 75% (9 of 12) of SRS cases with hearing loss remained Class B at the last follow-up examination. Overall, the loss of preoperative hearing status was delayed in the SRS cohort, whereas postoperative hearing status in the MS cohort was more often durable. 
Facial Symptoms
One of the greatest concerns related to quality of life after VS treatment is facial nerve dysfunction. For comparison of postoperative facial nerve dysfunction, 83 MS cases with preoperative HB Grade I were matched with 83 SRS cases with preoperative HB Grade I. The MS cohort included a combination of translabyrinthine, retrosigmoid, and middle fossa craniotomies. Patients in the MS and SRS cohorts differed only in terms of the followup period (median 35.7 months vs 19 months; p < 0.05; Table 2 ). At the time of the last follow-up examination, the incidence of facial nerve dysfunction was higher after MS than SRS (11% vs 0%; OR 21.3; p < 0.01; Fig. 2, left) . Within the MS cohort, 9 of 83 patients developed persistent facial nerve dysfunction after surgery. Within the SRS cohort, no patient developed facial nerve dysfunction (HB Grades III-VI) after radiosurgery that persisted at the last follow-up examination. The majority of cases in both the MS and SRS groups maintained their preoperative HB grade, although worse postoperative facial nerve function was more often seen after MS than SRS (30% of MS vs 4% of SRS patients; OR 8.5; p < 0.01; Fig. 2 , right).
intervention-Free Survival
To compare intervention-free survival, 85 MS cases were matched with 85 SRS cases. The MS cohort included a mixture of translabyrinthine, retrosigmoid, and middle fossa approaches. Patients who underwent MS and SRS differed in terms of the median follow-up time (36.8 months vs 20 months; p < 0.01) and mode of presentation (100% symptomatic vs 91% symptomatic, p < 0.01; Table   3 ). Following the initial intervention, there was no difference in intervention-free survival for VS treated with MS or SRS (2 treatment failures in each cohort; p = 0.48; Fig.  3 ). The characteristics of the cases that required subsequent intervention are presented in Table 4 . Within the MS cohort, cases requiring subsequent intervention (n = 2) had longer follow-up duration (36.5 months vs 88.2 months), better preoperative hearing status (serviceable hearing rates of 100% vs 65%), underwent treatment via the retrosigmoid approach (2 of 2 patients), and were more likely to have undergone non-total (near-total or subtotal) resection (50% vs 2.4%). In contrast, treatment failures in the SRS cohort were not significantly different from the successes along any of the metrics assessed. Overall, failure rates were low, which reduced the sensitivity of our analysis; given this limitation, we conclude that MS and SRS do not differ in terms of the rate of subsequent intervention for VS presenting with a maximal diameter ≤ 2.8 cm.
tumor control
In the present study, the need for subsequent intervention was the primary tumor-control endpoint. However, we chose to examine radiographic tumor control to assess both the extent of radiographic tumor control in 1) MS cases with recurrence or non-total resection and 2) SRS cases. Of the 85 MS-managed cases, 3 were excluded from this analysis due to the lack of documented lesion size after intervention. Seventy-five of 82 (91.5%) lesions underwent total resection with no detectable residual tumor or recurrence within the study period. Two of the remaining 82 lesions (2.4%) in the MS cohort required salvage therapy after 52.1 and 90.7 months, respectively. These 2 lesions initially underwent non-total resection and were subsequently managed with SRS. One additional lesion in the MS management group is currently under annual surveillance due to radiographic tumor progression after 39.3 months of follow-up following total resection. The remaining 4 lesions-1 subtotal and 3 total resectionswere stable at the last follow-up examination (range 6-58 months) (Fig. 4A) .
Of the 85 SRS managed cases, 2 cases were excluded from radiographic analysis due to the lack of a documented lesion size after intervention. The majority of the lesions in the SRS cohort demonstrated little fluctuation in size after therapy, but those lesions that demonstrated a sustained increase in size tended toward failure (Fig. 4C  and D) . Two of 83 lesions (2.4%) in the SRS cohort failed initial treatment and required salvage therapy after 31.4 and 50.6 months, respectively. The reasons for failure were radiographic progression in 1 case, and symptomatic progression including recurrence of dizziness, ear fullness, and worsened tinnitus in the second case. All cases in the SRS cohort in which initial treatment failed subsequently underwent salvage MS. The remaining 4 lesions that demonstrated ≥ 1.5-fold change in size after SRS management were symptomatically and radiographically stable at the last follow-up examination (range 5-65 months) (Fig. 4B) .
complications
The complication rates for both treatment modalities were low overall ( Table 5 ). The most frequently reported morbidities within the MS group included headache (16.5%), change in taste (5.9%), CSF leakage (4.7%), fatigue (3.5%), infection (2.4%), and hydrocephalus, deep venous thrombosis (DVT), lower cranial nerve dysfunction, and seroma (1.4% each). Most cases of headache occurred during the early postoperative period and were resolved within 2 months; only 4 cases (4.7%) presented with persistent headache at 9, 23, 38, and 100 months, respectively. Likewise, all but 2 cases of gustatory changes resolved within 2 months, and only 2 cases (2.4%) presented with persistent changes in taste at 19 and 49 months. All cases of CSF leakage resolved, and none required further intervention. One case of infection responded to antibiotics and did not require intervention, while the second case required debridement and bone flap removal without longterm disability. The only instance of DVT was managed medically without sequelae. The only case of lower cranial nerve dysfunction consisted of intermittent hoarseness and dysphagia that was not clearly related to surgery. The patient's symptoms improved without intervention and were subjectively characterized as only minimally bothersome at the last follow-up examination. The only case of postoperative hydrocephalus required hospitalization and was treated with 2 large-volume spinal taps, but the patient recovered fully with no long-term disability. After SRS, morbidities included headache (5.9%), change in taste (2.4%), hydrocephalus (2.4%), diplopia (1.2%), and peritumoral edema (1.4%). Headache was persistent at the last followup visit in 3.5% of cases at 10, 10, and 72 months postoperatively. Of the 2 cases of postoperative hydrocephalus, 1 was minimally symptomatic and has not required treatment more than 6 years after SRS and the other was managed with ventriculoperitoneal shunt placement and made a full recovery. The only instance of peritumoral edema was managed with a course of corticosteroids and resolved completely without long-term complications in the patient. There was no significant difference in lesion size or date of intervention when the cases were grouped by the presence or absence of any complication.
Discussion
For newly diagnosed VS, the management strategies available include SRS, MS, and observation. Observation is a viable option for lesions that are incidentally discovered or asymptomatic or for patients who are elderly or otherwise averse to treatment. MS and SRS offer unique advantages depending on the patient's demographic characteristics and the specific goals of therapy. The choice depends on the treatment goals of the patient and the experi- ence of the treatment team. The focus of the present study was to compare outcomes between SRS and MS for VS in demographically matched patient groups. To the best of our knowledge, this is the largest reported matched cohort analysis to compare SRS and MS for VSs measuring less than 2.8 cm.
Given the benign nature of VS, conservative management is appropriate for certain populations for which an intervention may be of more harm than benefit. 6, 8 This is particularly true for small, incidentally discovered, asymptomatic lesions in which a period of observation is often recommended as an initial step. When considering treatment options, it is essential for the physician and patient to discuss the natural history of the disease and define management priorities (hearing preservation, facial motor function, or cure). The tumor growth rate has been inversely correlated with hearing preservation, 25 and it may be prudent to factor the tumor growth rate into the decision of when to pursue intervention. In general, intervention is warranted for larger lesions, for those demonstrating growth or symptom progression (hearing decline), or for patients who desire treatment after a discussion about the associated risks and benefits.
In our single-center, matched-cohort analysis of patients with treatment-naive unilateral VS ≤ 2.8 cm, we found that both SRS and MS provide definitive tumor control. Notably, the SRS cohort had better hearing preservation and facial nerve function within the defined follow-up period. We also noted that hearing preservation was initially better within the SRS cohort, but that the difference in hearing preservation appears to lessen as the follow-up duration increases. Indeed, it was previously reported that the hearing loss associated with SRS is delayed, 13 emphasizing the importance of the follow-up period. The median follow-up duration for SRS in our study was only 30.3 months, and it is likely that a longer follow-up duration would reveal a less significant difference in hearing preservation between the 2 treatment modalities. Our analysis demonstrated that by shifting the outcome from the preservation of serviceable hearing to the preservation of preoperative hearing status, which is a more sensitive outcome metric, the survival curves of hearing preservation for MS and SRS appeared to converge by 60 months. An update to this data set would therefore be warranted in 3 to 5 years in order to reassess hearing outcomes.
The current study examined only small-and mediumsized VS. Historically, SRS has been considered a viable treatment option only for small-and medium-sized tumors, but more recent series have demonstrated that SRS can provide adequate tumor growth control for larger lesions as well, 20, 29 although the control rate is not as good as that achieved with smaller tumors. 28 The concern in managing large VS using SRS arises from the fact that SRS can be associated with a small and transient expansion of the tumor before growth control or regression is observed. For large lesions, this transient expansion could exert a mass effect that compresses the adjacent brainstem structures. Similarly, there is concern that treatment failure rates may rise as the tumor size increases. It has previously been reported that outcomes deteriorate and complications increase in parallel with tumor volume for both SRS and MS, so the need for a direct comparison study within this subgroup of tumors remains.
With respect to hearing preservation, SRS and MS each offer unique advantages and disadvantages. With hearingpreserving surgical approaches, preservation rates following MS are generally less than 50% but may be as high as 70% for properly selected cases. 19 For all MS cases, if hearing is preserved postoperatively, it can be considered "durable hearing preservation" as it is unlikely to change markedly in the absence of recurrent or progressive disease. In contrast, hearing preservation rates are higher immediately after SRS, but these rates declined over time to less than 25% at 10 years in one study. 5 In our series, SRS demonstrated the superior preservation of serviceable hearing and preoperative hearing status over a median follow-up period of 30.3 months. It is likely that this difference would diminish as the follow-up duration for the SRS cohort increases beyond 60 months. More recently, there has been interest in the concept that hearing loss after SRS may depend on age, tumor margins, 30 and cochlear dose. 15 Some believe that post-SRS hearing loss is a consequence of cochlear irradiation or the effect of continued adherence to the intact cochlear nerve. Based on current evidence, optimal hearing preservation can be achieved with a marginal dose of ≤ 12.5 Gy 30 and a cochlear dose of ≤ 4.2 Gy, 2,15 but it will be several years before studies report the long-term hearing preservation rates of this newer treatment paradigm. For patients who prioritize short-term hearing preservation and are cognizant of the risk of hearing loss over the next 10 years, SRS or observation might be preferable. Microsurgery is currently the only treatment option that offers the potential for long-term hearing preservation, but long-term data on more contemporary SRS dosing protocols are now accumulating.
The loss of facial nerve function is one of the most significant factors that affects postoperative quality of life, 17 and it is most often iatrogenic rather than caused by the tumor itself. The rate of persistent postoperative facial nerve dysfunction for patients treated with MS can be as high as 30%, depending on tumor size. 1 In contrast, a recent systematic review found that SRS provides a low overall rate of facial nerve dysfunction, with modifiable variables such as patient age ≤ 60 years, margin dose ≤ 13 Gy, and tumor volume ≤ 1.5 cm 3 prognosticating better outcomes. 32 Consistent with prior reports, we found that SRS provided better preservation of facial nerve function compared with MS. While many patients focus on the symptoms they may have (such as hearing dysfunction, imbalance, or tinnitus), some patients focus less on the risk of new symptoms that they currently do not have at presentation (e.g., facial function). Yet, it is the opportunity to reduce the risk of facial dysfunction that is one of the most important advantages of radiosurgery. For both hearing preservation and facial nerve function, the initial outcomes are better for SRS than MS. However, the hearing changes associated with SRS may be delayed by 5 or more years postoperatively; the median follow-up of the SRS cohort in our study was significantly shorter than 5 years, and it is possible that SRS and MS outcomes may converge over a longer follow-up period. As mentioned earlier, one of the major concerns in selecting SRS over MS is the risk that recurrent or progressive disease may jeopardize facial nerve and hearing outcomes in the long term after salvage intervention. 9 The same is true with choosing MS first if a later recurrence is identified. Thus, it is particularly important to consider that, in our series, we found that disease progression as measured by the need for subsequent intervention did not differ between groups. This is important because for both hearing preservation and facial nerve function, one anticipated risk of pursuing SRS is that posed by delayed disease progression and the need for salvage surgery. If the disease progression rates are equivalent between MS and SRS, this concern for salvage surgery is moot and SRS and MS may be considered as equally efficacious therapeutic options for VS.
In our series, we report low overall complication rates for both SRS and MS. The most common complications were relatively benign, and the rate of permanent complications was very low for both treatment modalities. The most common benign complication for either treatment modality was headache. In most cases that presented with postoperative headache, the headache resolved within a relatively short period. The rate of persistent headache was equivalent for SRS and MS, which is interesting considering that the mechanism of postoperative headache in SRS has yet to be elucidated. Other potentially serious complications, such as DVT, hydrocephalus, and infection, were rare for both treatment modalities but less common with SRS. Within our series, no instances of mortality were reported, and none of the complications resulted in per- sistent disability in the patients treated with either MS or SRS. The only serious complication of SRS was 1 case of peritumoral edema that subsequently resolved. In contrast, there were several potentially serious complications of MS within our series, including 1 case of DVT, 4 cases of CSF leakage, and 1 case of infection. In all cases, early identification and aggressive management ensured that none of these potentially serious complications resulted in longterm disability for the patient.
In interpreting the results of our study, certain limitations should be noted. This is a retrospective, matchedcohort study designed to assess tumor control durability, hearing preservation, facial nerve outcomes, and complications following SRS and MS. Vestibular symptoms were not measured in a systematic or quantitative manner and thus could not be properly evaluated for analysis. A small report from our institution previously demonstrated that better vestibular outcomes can be obtained with the translabyrinthine approach. 7 Future efforts will focus on the prospective collection of vestibular symptoms. While we were able to control for the effects of age and tumor size, it remains possible that the study populations may have differed in terms of unmeasured factors. The most notable shortfall of the current study was the relatively short follow-up duration for SRS, as this pertains to postoperative hearing function. In addition, many VS patients have decades of additional life expectancy, further emphasizing that the median follow-up duration in our study was relatively short. This may become an increasingly important factor as SRS is applied to younger patient populations. To better appreciate the significance of treatment modality on the quality of life of VS patients, longer follow-up and more direct assessments of quality of life would be desired. Finally, the study data were collected at 1 institution, and our outcomes are likely attributable to the experience of a center dedicated to VS treatment. The relative successes of various therapeutic modalities will likely vary with the experience of the surgeons, the techniques used, and the patients' treatment goals.
conclusions
In summary, VS resection or radiosurgery for tumors ≤ 2.8 cm in diameter was associated with low overall morbidity, and the need for subsequent intervention was the same in both groups. SRS was associated with improved hearing and facial preservation rates and reduced morbidity, but with a shorter average follow-up interval. Facial function was excellent in both groups. As a result, for patients who are candidates for either treatment, the decision to pursue radiosurgery or resection should be based on the goals of the patient and the experience of the treating surgeons.
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